Abstract.-Recent changes in the timing of spring migration associated with climate change are occurring in hundreds of species of Northern Hemisphere birds. Much less is known about effects on autumn migration, especially for birds of prey. I studied simultaneous changes in spring and autumn phenology using data from  raptor species at two bird observatories on the shore of Lake Superior, North America. Median migration date advanced by . days•year - in spring and was delayed by . days•year - in autumn, with significant heterogeneity among species. Long-distance migrants were observed late in spring and early in autumn and showed less phenological change during autumn than short-distance migrants. The migratory period has become more extended, especially for short-distance migrants. Opposite responses during the two seasons had the effect of extending time spent to the north of the study area, by up to  days in some species since the early s. These phenological shifts-potentially related to climate changeare causing dramatic changes in the annual cycle of North American raptors; whether these are beneficial or detrimental is unknown.
1 E-mail: josh.vanbuskirk@ieu.uzh.ch Changes in the timing of spring migration in birds are among the best-known biotic effects of recent climate change (Parmesan and Yohe , Parmesan ) . Long-term time series on the dates of passage of migratory birds have now been published from > localities (Lehikoinen and Sparks ) . These data show that spring migration in the Northern Hemisphere is occurring nearly a week earlier than it was  years ago and that changes are most pronounced in species that migrate relatively short distances between their breeding and wintering grounds (Butler , Lehikoinen et al. ) . The few studies of autumn migration indicate weaker and more variable change (Jenni and Kéry , Thorup et al. , Van Buskirk et al. ) .
Isolated analyses of phenological shifts in spring or autumn migration provide a limited picture of larger modifications in the avian annual cycle. Studies that include data on more than one point in the life cycle highlight potentially important changes in the timing of events in relation to one another. One well-known case is the duration of the interval between spring arrival and the onset of egg laying in the Pied Flycatcher (Ficedula hypoleuca), which shrank from ~ days in  to ~ days in  (Both 
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-JOSH VOL. 129 the southwest-oriented edge of the lake during autumn migration. The observation site is along the crest of a ridge, and raptors sometimes pass at or below eye level. At both locations, raptors are counted each day by variable numbers of volunteers, directed by at least one experienced observer. The dates and hours of observation for the two sites have remained remarkably constant over the past  years (about  March to  May at Whitefish Point and  August to  November at Hawk Ridge). Exact dates are in supplementary Table S (online; see Acknowledgments). Whitefish Point averages . h of operation per day, with no trend through the years. Hawk Ridge averages . h of operation per day, with increasing effort in recent years (Table S) . These two sites were chosen for this study because and Visser , Both et al. ) . Van Buskirk et al. () also documented correlated shifts in the timing of spring and autumn migration in numerous North American passerines, such that species with the most strongly advanced spring migration also exhibited delayed autumn migration. These are only two examples, but they suggest more complex effects of climate change than has been generally appreciated.
Here, I present results from two long-term surveys of spring and autumn migration timing of raptors in the Lake Superior basin of North America. My main focus is on changes in the relative timing of migration in the two seasons, and I argue that this reflects shifts in the amount of time spent in summering and wintering areas. In addition, the study provides information on changes in migration for a set of species that has been relatively little studied. Recent reviews of the timing of avian migration find that raptors are poorly represented among the several hundred species that have been studied so far (Lehikoinen and Sparks , L. Bitterlin and J. Van Buskirk unpubl. data) . Exceptions include two studies of European raptors that reported that most species are migrating earlier in autumn (Filippi-Codaccioni et al. , Lehikoinen ) and one study that described no clear trends in spring first arrival date for six North American species (Murphy-Klassen et al. ).
METHODS
Data collection.-The data come from two raptor-migration observation sites on the edge of Lake Superior, North America (Fig. ) . Whitefish Point Bird Observatory (.°N, .°W), operated only in spring, is located on the southern edge of the lake at the tip of a peninsula that concentrates birds moving north. Raptors are counted as they pass overhead from a platform at ground level. Hawk Ridge Bird Observatory (.°N, .°W) is located at the westernmost point of Lake Superior, along a ridge that collects birds moving along they are long-running, follow well-standardized methods and observation effort, are within the same geographic region, and sample the same set of common species. Daily counts for each species (- for Whitefish Point and - for Hawk Ridge) were downloaded from a website maintained by the Hawk Migration Association of North America (see Acknowledgments). I also contacted the scientific coordinators of both observatories to ensure that the data were accurate and complete.
I studied the  species that were observed in ≥ years, and included all years in which ≥ individuals of the species were observed. Table  lists names and sample sizes of these species. Although the Red-shouldered Hawk (Buteo lineatus; all other scientific names are given in Table  ) was frequent at Hawk Ridge during the early years, this species was not included here because ≥ individuals were observed only once within the past  years.
Statistical analyses.-There were two stages in the analysis. First, the timing of migration for each species was defined by the dates on which the first %, %, and % of individuals were observed. These three quantiles were calculated from a truncated normal distribution fitted to the data by maximum likelihood (Jenni and Kéry ). The truncation points were the first and last dates on which data were collected in that year, and the number of birds observed on each day was standardized by the hours of observation effort. Figure  illustrates three examples of fitting truncated normal distributions. This approach was necessary because the observation period did not encompass the entire migration period for all species, and there were a few years in which the observation period was abbreviated (Table S) . Truncation had little effect on the estimated mean passage date for species that migrate in the middle of the observation period, such as the American Kestrel and Sharp-shinned Hawk. But for species that migrate relatively early (e.g., the two eagles in spring) or late (e.g., Northern Goshawk in autumn or Peregrine Falcon in spring), the method indicates that the mean passage date would have been even earlier or later had the observation period been longer ( In a second stage of analysis, I tested for directional changes in estimated passage date over the entire duration of the study. This was done by fitting two repeated-measures mixed-effects linear models, separately for spring and autumn. The response vector was defined by the dates on which the %, %, and % quantiles of migrants were estimated to have passed. These quantiles came from the fitted normal distributions, so the date of median passage (% quantile) is also the mean passage. Both models contained the fixed effects of quantile, year, migration distance, and their interactions. Migration distance was included because studies mentioned above indicated that the response to climate change has been stronger in short-distance migrants. It is not known whether this is true for raptors. Migration distance was a categorical variable because there is a distinction between long-distance migrants, which winter mostly south of North America, and short-distance migrants, which winter primarily in the United States (Poole ) . The two models also contained random effects to estimate variation among species (included as random subjects), heterogeneity among species in their slopes on year, the covariance between these two, and variation among species in differences among quantiles. The interpretation of random effects is described below and in supplementary Table S, and their significance was determined by likelihood ratio (LR) tests. Observations were weighted by the natural logarithm of the number of individuals observed in that year. Including year as a linear The vertical gray line indicates the median date calculated from observed data. The gray normal curve, drawn on an arbitrary vertical scale, is the estimated truncated normal distribution. The top panel represents the usual situation in which most of the migratory period fell within the range of observation dates, so that the estimated distribution closely matched the observed data. The lower two panels represent cases in which the median passage date would have been later had the observation period been extended.
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term was supported by results of preliminary segmented regressions carried out for each species separately (package 'segmented' in R; Muggeo ). On the basis of LR tests, a segmented model was preferred over simple linear regression for only one species in spring and no species in autumn. In both cases, model fit-as inferred from the pseudo-R  calculated as the squared correlation between fitted values from the model and observed values of the dependent variable (Anselin )-was excellent (R  = . in spring; R  = . in autumn). Model-fitting was by REML in SAS, version ., proc glimmix (SAS Institute ); the analysis code is available in Table S .
RESULTS
Across all species, the timing of % (median) passage became earlier in spring and later in autumn (Fig. ) . The average rate of change, estimated by the effect of year evaluated at the level of species, was nearly twice as high in autumn as in spring. Median migration was delayed by . ± . (SE) days decade - in autumn and advanced by . ± . days decade - in spring. Long-distance migrants were significantly later than short-distance migrants in spring, but significantly earlier in autumn ( Fig.  and Table  ). The timing of migration of short-distance migrants in autumn shifted slightly more than that of long-distance migrants, as indicated by the interaction between year and migration distance in Table  . No such difference occurred in spring. The marginally nonsignificant interaction between quantile and migration distance in both seasons indicated that, with some exceptions, long-distance migrants had shorter migration periods. For many species, both spring and autumn migration periods became more protracted over the decades. This was reflected in significant year × quantile interactions and a strong tendency for the % quantile to have more negative slopes of date regressed against year than the % quantile ( Fig.  and Table ) . However, the three-way interaction indicated thatin spring at least-it was mostly short-distance migrants that extended the migration period; species that overwinter mostly south of North America continued to pass Whitefish Point relatively quickly in spring. The Broad-winged Hawk and American Kestrel have, if anything, shortened their spring migration period (Fig. ) . Supplementary Figure S (online) presents examples of long-term trends in migration timing for long-distance and shortdistance migrants.
Large random effects of species in both seasons reflected considerable variation among species in phenology (Table  and Fig.  ). Significant heterogeneity across species in differences among quantiles meant that species varied in their duration of passage (see Fig. S ). There was also significant variability among species in their slopes of timing against year, especially in autumn. A positive covariance between random slopes and intercepts in autumn arose because the species that reacted most strongly were also late migrants. This is visible as a strong positive correlation in Figure B . The corresponding covariance term was negative but nonsignificant in spring, which indicates that late-migrating species shifted only slightly more strongly (Fig. A) .
Simultaneous shifts in both spring and autumn phenology resulted in dramatic changes in the interval between the two migration phases (Fig. ) . This was especially true for species that migrate early in spring and late in autumn. The most extreme examples were the Bald Eagle, Golden Eagle, and Rough-legged Hawk, which increased the amount of time spent to the north of the study area by ~. days year - . This amounts to a lengthening of the summer season by > month over the -year duration of the study.
FIG. 3.
Median migration passage date and change in the median date for raptors observed at HawkWatch sites on Lake Superior, North America, during spring and autumn. Observations are coded by species abbreviations, given in Table 1 . Underlined species are long-distance migrants. Note that the axes are scaled differently in the two panels.
DISCUSSION
The changes in timing of migration observed in the present study are broadly compatible with earlier work. For spring migration, the data agree with a pattern of earlier passage in recent years observed in many birds in the Northern Hemisphere (Lehikoinen et al. , Lehikoinen and Sparks ). The results for autumn also confirm the very heterogeneous findings reported in this season for other species (Jenni and Kéry , Van Buskirk et al. ), although they also suggest that raptors are delaying autumn migration more than other groups of birds (Lehikoinen and Sparks ) . In some cases, differences among species may be interpretable in terms of their natural history. For example, the Rough-legged Hawk and Golden Eagle exhibited very strong shifts in phenology, and these species breed at the high latitudes that are most affected by recent climate warming (Overpeck et al. , IPCC ) . The Northern Goshawk, by contrast, showed little long-term change in timing of migration. This species is especially sensitive to the density of medium-sized prey, and as a result its phenology may be determined by food supply rather than climate (Mueller et al. , Salafsky et al. ) . The modest changes observed in longdistance migrants are consistent with data from other groups of birds (Lehikoinen et al. ) . The explanation has been that, because these species overwinter in tropical regions, they are unaware of conditions to the north and therefore cannot adjust their phenology appropriately ( Lehikoinen et al. ) . It has also been argued that the phenology of long-distance migrants is governed by day length rather than weather conditions (Berthold , Gwinner ).
As in earlier work, these data provide no direct evidence that phenological shifts are caused directly by climate change. However, many other studies have noted correlations between the changes in migration phenology and concurrent changes in local or regional conditions (usually temperature and North Atlantic Oscillation; e.g., Cotton , Hüppop and Hüppop , Marra et al. , Gordo ) . More convincingly, detrended fluctuations in timing of migration in some species are closely associated with detrended fluctuations in climate (Saino et al. , Van Buskirk et al. ) . It therefore seems plausible to suggest a mechanism involving the reactions of individual birds to gradual changes in the conditions experienced before and during migration. 
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Whatever the causal mechanism, some species are experiencing potentially important modifications in the annual cycle, because spring and autumn migrations are shifting in opposite directions. Since observations began in the s, the interval between spring and autumn migrations has increased by ~ days for the Bald Eagle, Rough-legged Hawk, and Golden Eagle. For the majority of species in the present study, changes are in the range of .-. days year - , but even these modest values imply that the inter-migration interval has lengthened by - weeks in just a few decades. This likely reflects an increase in the time spent in residence on or near the breeding area (Thorup et al. ) , but there are other possibilities. For example, the rate of movement during migration may have changed or the birds may have shifted the locations of their winter or summer ranges (Marra et al. , Lehikoinen and Sparks ) . Regardless of the specific cause, these species are spending more time to the north of Lake Superior than they used to, and less time to the south. Of course, this conclusion assumes that Whitefish Point and Hawk Ridge sample comparable raptor populations. In fact, the species composition is very similar between sites, reflected by the positive correlation in an index of species abundance (r = ., P = ., n = ; Farmer and Smith ). More importantly, long-term trends in abundance detected by the two sites are highly correlated at the level of species (r = ., P < ., n = ).
These results suggest that raptors perceive the relative qualities of their summer and winter habitats differently than passerines. For the latter, spring migration has consistently become earlier, and there has been no consistent change-or speciesspecific changes-in autumn (Jenni and Kéry , Lehikoinen and Sparks ) . The usual interpretation is that passerines attempt to reach the breeding area in spring as early as possible, and indeed there is evidence for natural selection favoring early reproduction in many birds, including many nonpasserines (Newton ). But passerines seem to depart for their wintering areas as soon as breeding is finished, such that autumn migration is not generally delayed. On average, there has been no change in the breeding-area residence time (Thorup et al. , Van Buskirk et al. ) . That climate change has prompted delayed autumn departure as well as advanced spring arrival in raptors implies that breeding habitats, or at least northern regions, are preferred over FIG. 4 . Slopes estimated by regression of migration timing against year for 14 raptor species sampled in spring and autumn on Lake Superior. Vertical lines connect estimates from three separate regressions on the 10%, 50%, and 90% quantiles of the distribution of migrants for each species. Values below zero indicate that birds are migrating earlier in recent years. Species abbreviations are given in Table 1 . Standard errors of the slopes shown here are given in Table 3 . ). Species abbreviations are defined in Table 1 , and underlined species are long-distance migrants. For three species (Bald Eagle, Roughlegged Hawk, and Golden Eagle), the duration of the summer season has increased by ~0.8 days year wintering habitats by these species. It may be that competition on the wintering area is more severe, as suggested by relatively high raptor densities and species richness in winter (e.g., Boano and Toffoli , Ferguson ). There is some evidence that survival of raptors is lower during migration and in winter than in the summer range (Harmata et al. , Newton et al. , McIntyre et al. ) . Although they would not necessarily survive better if they remained longer on their summer range, delaying migration may nevertheless enable birds to remain longer in a more favorable part of their geographic distribution. Most studies of biotic responses to changing climate emphasize negative effects on individuals and populations. Indeed, there is evidence that avian phenological changes are at least sometimes associated with reduced performance of individuals (Both and Visser , Both et al. ) or declines of populations (Jones and Cresswell ) . However, the longer interval between spring and fall migrations that I have detected could have positive implications for raptors. Delayed autumn departure would provide birds with a protracted post-breeding period to prepare for migration, which would enable juveniles, in particular, an opportunity to reach better condition by the time they depart for the south. Delayed breeding and a shortened post-breeding period can be associated with delayed migration in some birds (Mulvihill et al. , Stutchbury et al. ) . In addition, altered migration schedules may allow birds to spend more time feeding in stopover areas (Bairlein and Hüppop ) or may enable them to exploit only the best weather conditions for travel (Jenni and Schaub ) . Both of these should lead to improved survival during migration and during the winter and suggest that behavioral responses to climate change may quite often be beneficial (Van Buskirk ).
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